Abstract-Gaps between molecular ages and fossils undermine the validity of time-calibrated molecular phylogenies. An example of the time gap surrounds the age of angiosperms' origin. We calculate molecular ages of the earliest flowering plant lineages using 22 fossil calibrations (101 genera, 40 families). Our results reveal the origin of angiosperms at the late Permian, ;275 million years ago. Different prior probability curves of molecular age calculations on dense calibration point distributions had little effect on overall age estimates compared to the effects of altered calibration points. The same is true for reasonable root age constraints. We conclude that our age estimates based on multiple datasets, priors, and calibration points are robust and the true ages are likely between our extremes. Our results, when integrated with the ecophysiological evolution of early angiosperms, imply that the ecology of the earliest angiosperms is critical to understand the pre-Cretaceous evolution of flowering plants.
Among the major evolutionary events where phylogenetic trees and fossils clash is the age of the origin of the angiosperms (Bell 2015; Herendeen et al. 2017) . This remains a mystery because no unambiguous fossil evidence representing an angiosperm stem lineage or link to their sister group exists Herendeen et al. 2017) . Due to the lack of fossils representing the root as well as high likelihood of numerous extinct stem lineages, an exceptionally long branch between extant angiosperms and their extant sister groups persists. Although Amborella trichopoda Baill. represents the sister group to all other extant angiosperms (Amborella Genome Project 2013), no fossils can be placed near this key divergence. Most of the estimates for this date using molecular data fall in the 250-145 MYA range (Moore et al. 2007; Bell et al. 2010; Magallón 2010; Smith et al. 2010; Foster et al. 2017) . Hence, calculated ages are considerably older than the oldest accepted angiosperm fossils of about 130 MYA (Friis et al. 2011) . The age of the earliest angiosperm lineages remains hotly debated (Buerki et al. 2014; Doyle and Endress 2014; Magallón 2014; Beaulieu et al. 2015; Magallón et al. 2015; Foster et al. 2017; Herendeen et al. 2017) .
In evolution, timing can be critically important for teasing apart evolutionary processes bearing on major transitions. Framing key evolutionary events in time allows for a clearer perspective on geological, environmental, and ecological contexts bearing on major evolutionary events. Dated fossils that can be placed by phylogenetic reasoning, i.e. that they share unique synapomorphies or combinations of apomorphies with modern taxa, provide the most direct means of determining the age of an evolutionary event . Although molecular dating has opened new insights in macroevolution, this approach is not as straightforward as originally envisioned. For instance, numerous quantitative approaches had to be developed to account for heterogeneous rate variation (Rutschmann 2006) .
Widely used molecular dating methods are the nonparametric rate smoothing (NPRS; Sanderson 1997) , penalized likelihood (PL; Sanderson 2002) and Bayesian relaxed clock (BRC) phylogenetic analyses (Drummond and Rambaut 2007 ); see Ho and Duchêne (2014) , Pirie and Doyle (2012) , and Bell (2015) for a review of these approaches. Most critical to all strategies, however, are the pitfalls related to the reliability of the fossil age, and the placement of the fossil on the tree. To estimate molecular ages, in principle a single calibration point is needed. However, ongoing discussions address the number and distribution of calibration points required to optimize the accuracy of age estimates (Hedges and Kumar 2004; Bell and Donoghue 2005; Meredith et al. 2011; Parham et al. 2011; Sauquet et al. 2012; Bell 2015; Beaulieu et al. 2015) . A general consensus is that more calibration points that are widely distributed across the tree will yield a more accurate molecular dating (Hug and Roger 2007) . Others, however, argue that a single fossil record is not independent of the complete fossil history and evolution of a clade, but is part of a complex framework including all available fossils (Near et al. 2005; Pyron 2009 ). If this latter hypothesis is correct, each single fossil calibration will impact the integrity of other calibration points, especially since a descending lineage can never be older than the preceding one. Therefore, a second general consensus is that fewer but more reliable calibration points are a better means of obtaining the most reliable dates (Hedges and Kumar 2004; Parham et al. 2011) .
Only morphological data can be used to place fossils accurately on the tree. The best placed fossils are ones that have synapomorphies or a combination of apomorphies with extant taxa such that they can be readily resolved as sister to the extant clades in the tree, using phylogenetic analyses (Doyle and Endress 2010; Gandolfo et al. 2004) . Unfortunately many fossils are incomplete and often lack the necessary characters to determine their placement, or the interpretation of homology permits multiple placements on the tree such as stem versus crown calibration point (Doyle and Endress 2010; Friis et al. 2011 ).
Here we provide a reevaluation of the timing of the origin of the first angiosperm lineages using a relatively complete fossil record for calibrations sampled across most extant lineages. We broadly sampled the diversity of extant taxa (in total 104 genera and 43 families, 101 genera and 40 families of angiosperms alone). Our phylogenetic estimates are based on mostly newly generated nuclear and chloroplast derived sequence data. Extant taxon sampling was designed to include taxa that matched known fossils rather than search for fossil calibrations after the phylogenetic estimates were made. Twenty-two fossil calibrations are applied as well as an evaluation of alternative fossil placements such as stem versus crown, as well as the effects of individual calibration points on the entire age estimation. We thus provide an assessment of the impact of the number of fossil calibration points on age estimates and how rate heterogeneity and systematic sampling density among clades impacts the calculated molecular ages. Finally, we discuss what these considerably older age estimates potentially mean in relation to recent discoveries on early angiosperm ecophysiology.
Materials and Methods
Fossils and Sampling-We based our sampling on a screening of paleobotanical literature for fossils of earliest diverging lineages of extant angiosperms, the earliest monocots, and earliest eudicots. Criteria for selecting a fossil were that it could be placed unambiguously among extant taxa according to synapomorphies or a combination of apomorphies, or that confirmation by phylogenetic analysis is available (on morphological data or combined morphological-molecular analyses) (Gandolfo et al. 2008) and an accurate age determination was available at the time of running the analyses. Extant taxa were chosen to ensure optimal fossil calibration especially avoiding long branches (for details see Table 1 and  Supplemental Table S1 , which is deposited in the Dryad Digital Repository [Salomo et al. 2017] ), sampling 163 species corresponding to 104 genera and 43 families (Appendix 1). The dense taxon sampling includes all recognized extant earliest diverging lineages of angiosperms, reducing the probability of artificially inflated rate heterogeneity. We did not sample as densely among younger clades within eudicots or monocots because we wanted to clarify dates closest to the origins of angiosperms and we had calibration points for the ages of both eudicots and monocots. Further sampling within these clades would unlikely have impacted ages below these calibrations.
For Chloranthistemon P.R. Crane, E.M. Friis & K.R. Pedersen, paleobotanical literature is discordant regarding its fossil placement. To evaluate the effect of its placement, we included the fossil at the stem of extant Chloranthus Sw. (ChlorA), or at the split between Ascarina J.R. Forst. & G. Forst. and Chloranthus-Sarcandra Gardner (ChlorB) (node F and f in Fig. 1 ).
Phylogenetics-Phylogenetic reconstructions are based on cpDNA (trnK-intron, matK, trnK-psbA spacer) and low copy nuclear DNA (phyA). Table 1 . Fossils used for calibration. All fossils, their corresponding age, and placement as applied to the calibration for phylogenetic hypotheses (nodes refer to Fig. 1 ) are presented. Details about the references, placement, and phylogenetic relationship of fossils can be found in Table S1 (Salomo et al. 2017) . mrca 5 most recent common ancestor; min 5 minimum calibration age; mean 5 mean in million years applied to the calibration point distribution. We kept the plastid data as one region although it contains protein coding portions and non-coding portions. We decided to simplify the number of partitions because increasing the number of partitions exponentially increased computational time. Most sequences were newly generated. DNA isolation, amplification, sequencing, and alignment generation followed Wanke et al. (2007) and Smith et al. (2004) . Regions excluded from the analyses and the justification for their removal is provided in Table S2 (Salomo et al. 2017) . Primer sequences are listed in Table S3 (Salomo et al. 2017) . Potential for paralagous copies of phyA were assessed by a comparison of maximum parsimony analyses that included only phyA sequences to those that included only cpDNA data. Paralogs would likely result in placement of taxa as sister to the duplicated region and be in conflict with the cpDNA. The combined dataset resulted in 7,778 aligned positions excluding regions of uncertain homology outlined in Table S2 ( Salomo et al. 2017) . Length mutations were coded following Wanke et al. (2007) using SeqState (Müller 2005) . Congruence between the DNA regions was assessed using the incongruence length difference test (ILD; Farris et al. 1994) . The best fitting model was chosen using jModeltest v. 0.1.1 (Posada 2008) partitioning the data into cpDNA and phyA. RAxML v. 7.7.0 (Stamatakis 2014) was used to calculate 5,000 rapid bootstrap inferences and thereafter a thorough ML search was performed. All free model parameters were estimated by RAxML and the GTR 1 G model of rate heterogeneity was applied. Preliminary analyses indicated that some clades in our dataset that are unequivocally supported in APG III and APG IV (Angiosperm Phylogeny Group 2009 , 2016 were not recovered in all analyses, especially within BEAST (see methods below). This is true for the position of Chloranthaceae which sometimes resolved as sister to monocots as well as the position of Asaraceae which was sometimes sister to Saururaceae and Piperaceae. Therefore, five individual monophyly constraints were set to enforce outgroup position, APG III and APG IV conformity, and comparability between individual analyses comprising: 1) angiosperms, 2) Nymphaeaceae, 3) monocots, Ceratophyllales, eudicots, 4) Magnoliids, and 5) Aristolochiaceae, Lactoridaceae, Asaraceae.
Molecular Dating-All dating analyses were performed on NVidia Fermi GPGPU's using BEAST v. 1.7.5 (Drummond and Rambaut 2007) applying the BEAGLE high-performance library v. 1.0 (Suchard and Rambaut 2009 ). Individual BEAST runs were based on partitioned data with unlinked substitution models for chloroplast and nuclear data. The uncorrelated lognormal (UCLN) model, the GTR model, and a birth-death process for incomplete sampling as implemented in BEAST were applied to all partitions and analyses. Sampling frequency was fixed to 5,000 for all analyses. The burn-in was removed after convergence of each Markov chain and was assessed using Tracer v. 1.5 (Table S4 ( Salomo et al. 2017) ; Rambaut and Drummond 2003) . The effective sample size (ESS) for all parameters and analyses was over 100. Consensus trees with mean branch length for each analysis were generated with TreeAnnotator v. 1.7.5. To test the effect of the applied priors, an additional analysis with empty alignment was performed. The influence of individual prior distributions was tested through analyses comprising both log-normal and exponential priors as well as different mean age estimates (for details see Table 2 ). Additionally, the influence of individual calibrations was analyzed as single constraints that were independently excluded from the general analysis (Table 3) . To test the effect of sampling density within taxa with highly diverse and increased molecular rates we used two additional subsamplings with just 13 and nine Piperales taxa (Table 3) . We also ran the analysis with an empty alignment with identical settings to test for the effect of priors on the results. Chronogram of early angiosperms, based on the full sampling of chloroplast and nuclear data using an uncorrelated log-normal clock, GTR 1 G substitution model and a birth-death model for incomplete sampling as implemented in BEAST using 20 fossil calibration points (A-U, without F 5 Chloranthistemon). Calibration points and corresponding fossils are provided as blue circles (capital letters A-U). The lowercase letter (f ) refers to an alternative calibration for Chloranthistemon. Nodes correspond to Bayesian relaxed clock mean age estimates based on the reference analysis (Ref ) applying a flowering plant root age constraint (uniform, 400-323 MYA). The mean age estimates for all additional performed analyses are provided as red circles (see Table 3 for details). Further details about fossil calibration points are provided in Table 1 . Clades have been collapsed at the family level with the exception of Piperaceae where clades are collapsed at the genus level. Letters to the right indicate major clades; E 5 Earliest diverging lineages, M 5 Monocots, Eu 5 Eudicots. Full taxon sampling can be found in Fig. S1 (Salomo et al. 2017) .
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Results
Bayesian Phylogenetic Hypotheses-Reconstructed phylogenetic relationships of the cpDNA (trnK-matK-trnK-psbA region) and nDNA (phyA) datasets (missing data , 2%) (for details see Appendix 1; Salomo et al. 2017) did not indicate any incongruence ( p , 0.05), each with 158 taxa in the ILD. The congruence implies that orthologs of phyA were included in the analyses. This conclusion is also supported by the fact that only single bands were recovered for phyA amplifications, and sequence reads were clean without multiple peaks. In general, we reconstructed highly supported relationships for all main nodes of early angiosperms (posterior probabilities, PP . 0.95), except for the sister groups Monimiaceae-Hernandiaceae and Degeneriaceae-Magnoliaceae (results not shown).
Temporal Origin of Early Angiosperms-Here we propose molecular age estimates based on our reference (Ref ) analysis ( Fig. 2 ; Table 3 ) with individual means for 20 fossil calibration points ( Fig. 1) as specified in Table 1 and a soft, uniform seed plant root age constraint of 400-323 MYA (Magallón et al. 2013) . The origin of the angiosperm crown group is estimated at (341-)284(-226) MYA. Our age estimates for Nymphaeales are (297-)250(-207) MYA and (160-)132(-113) MYA for the stem and crown age, respectively. Austrobaileyales stem and crown group ages are estimated at (267-)228 (-192) The age of the diversification of Chloranthaceae is estimated to be (125-)117(-113) MYA. In summary, Piperales are recovered as the earliest diversifying order of the early angiosperms based on crown age, predating the diversification of eudicots (158-)139(-122) (excl. Ceratophyllum L.) but being second to the diversification of the monocots (192-)166(-141). Additional ages at the family level can be extracted from Figs. 1, 3, and S1.
Calibration Priors-To test the influence of different calibration priors, two additional analyses were performed using either a log-normal prior or an exponential prior, both with a fixed mean of two for all constraints (Mean2 and Exp; Fig. 2 ; Table 3 ) in contrast to the reference analyses (Ref; Fig. 2 ; Table 3 ), used above, with individual log-normal means for all constraints as described in Table 1 . The Mean2 analysis predominantly resulted in slightly younger age estimates with the exception of the order Laurales where the opposite trend was observed. The exponential prior (Exp) generally yielded younger age estimates for most nodes and narrower 95% confidence intervals compared to the log-normal priors. However, the different log-normal priors (Ref and Mean2), as well as Exp do not unreasonably differ and therefore bias the analyses. The results of the empty alignment clearly showed that the results are not driven by prior settings (results not shown).
Impact of Individual Fossils-To examine the effect of a particular node calibration within the analysis, single fossils (Walkeripollis gabonensis Doyle, Hotton, and Ward) (Doyle et al. 1990) , Lactoripollenites africanus Zavada and Benson (Zavada and Benson 1987) , and tricolpate pollen (Hughes and McDougall 1990) were individually excluded from the full calibration set (Fig. 2) . The exclusion of the tricolpate pollen calibration (NoTricolp; Fig. 2 ; Table 3 ) results in a eudicot age estimate of (167-)146(-127) MYA and (215-)184(-157) MYA for crown and stem respectively, also affecting estimates of the backbone as well as ages within Piperales, with slightly to moderate older estimates. Exclusion of the Walkeripollis constraint (NoWalk; Fig. 2 ; Table 3) led to an age estimate of (152-)110(-69) MYA for crown and (194-)167(-141) MYA for stem Canellales, with overall slightly younger backbone estimates. Exclusion of Lactoripollenites from the analysis (NoLac; Fig. 2 ; Table 3 ) resulted in a drastically older age within Piperales and angiosperm backbone nodes, but also led to increased age estimates for nearly all nodes of the tree.
Fossil Density-Independent calibration sets with replicate sampling of five and 10 randomly chosen calibration points (5A, 5B, and 10A, 10B; Fig. 2 ; Table 2 ) were used to test the effects of fossil calibration point quantity in molecular dating. Our results show no congruent trend of increasing or decreasing ages with respect to fewer versus more fossil calibration points. However, fewer calibration points do markedly increase the variance of age estimates. Furthermore, a general trend is that the range of the confidence interval is narrower if more fossil calibration points are used (Fig. 2) . Table 2 . Calibrations applied to BEAST analyses with reduced fossil density. Independent calibration sets, with replicate sampling (A and B) of five and 10 randomly chosen calibration points, were used to test the effects of fossil calibration point quantity in molecular dating. For each analysis 5A and 5B, as well as 10A and 10B all applied fossil constraints and the corresponding nodes, refer to the letters in Fig. 1 and Table 1 , are given. All analyses with reduced fossil density are based on the full taxon sampling and applied the uncorrelated log-normal clock, a GTR 1 G site model, and a birth-death speciation process for incomplete sampling as incorporated in BEAST, as well as a log-normal prior distribution with individual means as shown in Table 1 Seed Plant Root Age Constraints-The effect of soft root age constraints for seed plants using either 400-323 MYA as in our reference analysis (Ref) or 500-323 MYA (Root500; Fig. 2 ; Table 3 ) shows a moderate increase in estimated ages for the angiosperm backbone (Figs. 1, 2) , with the greatest impact on the flowering plants crown age: (342-)284(-226) MYA and (347-)284(-227) MYA for Ref and Root500, respectively, compared to (338-)275(-219) MYA without any seed plant root age constraint (NoRoot; Fig. 2 ; Table 3 ). In addition, when no seed plant root constraint is used, the seed plant age is calculated to be (441-)338 (-238) MYA. Hence, root age constraints had surprisingly little effect when a dense calibration point distribution over the tree is used.
Discussion
Age Estimates and Additional Fossil Record-The reconstructed topology was nearly identical to previous studies (Soltis et al. 2011) . Only the relationships of Myristicaceae as sister to all remaining Magnoliales (Himantandraceae (Degeneriaceae, Magnoliaceae (Annonaceae and Eupomatiaceae)) (Figs. 1, S1 ) are supported by our data and in conflict with supported relationships published previously. However, our results are in accordance with more recent findings (Massoni et al. 2014) . Our age estimates, emerging from multiple calibration sets, converge on an age of extant angiosperm origin in the mid Permian (mean ages of individual analyses 294-257 MYA). Such a time estimate is controversial, but is consistent with, or only slightly older than, other recent, fossil-only constraint molecular dating results such as 242 MYA for a relaxed analysis (Magallón and Castillo 2009 ), 275-215 MYA (Magallón 2010) , 240-175 (Clarke et al. 2011 ), 240-225 MYA (Zeng et al. 2014 ), or 251-192 (Foster et al. 2017 . Interestingly, all these ages are significantly older than the angiosperm fossil record (Friis et al. 2011) . Recently, Magallón et al. (2015) recovered an early Cretaceous age for the origin of angiosperms, however it should be noted that they bracketed the age range for the origin of angiosperms to fall within this range (140-136 MYA).
Pre-Cretaceous, angiosperm-like fossil pollen from the middle and late Triassic (Cornet 1989 ; Hochuli and Feist-Burkhardt Table 3 . BEAST settings of 16 individual molecular dating analyses. All individual molecular dating analyses applied the uncorrelated log-normal clock, a GTR 1 G site model and a birth-death speciation process for incomplete sampling as incorporated in BEAST. Analysis names corresponding to Fig. 3 , letters provided in column "Constraints used" refer to Table S1 (Salomo et al. 2017) and Fig. 1 . Individual prior distribution means are provided in detail in Table S1 (Salomo et al. 2017) . Further details are provided in Table S3 (Salomo et al. 2017) . SYSTEMATIC BOTANY [Volume 42 6 2004 [Volume 42 6 , 2013 potentially support the hypothesis of an earlier angiosperm origin than currently accepted based on macrofossils (Friis et al. 2011 ). This fossil pollen has "all the essential features of angiosperm pollen" (p. 1, Hochuli and Feist-Burkhardt 2013) . However, there does remain some uncertainty on the assignment of this pollen to angiosperms and it is possible that these fossils have an affinity with Gnetales as well (Herendeen et al. 2017) . Furthermore, exceptionally old fossils representing extant, relatively deeply nested lineages in angiosperm phylogeny also support the emerging hypothesis that the phylogenetic root of angiosperms is much older than suspected. These fossils include a Ranunculaceae member (Leefructus, 125.8-122.6 MYA; Sun et al. 2011) , and a probable Poaceae-Pooideae fossil from the Early Cretaceous (110-100 MYA; Poinar 2004 Poinar , 2011 . Nevertheless, if angiosperms are as ancient as our age estimates suggest, they still possess a reasonably long stem history considering they are sister to all living gymnosperms (367-306 MYA; Clarke et al. 2011) . Additionally, our results indicate that a major radiation of extant lineages without doubt occurred in the Cretaceous which is congruent with the accepted macrofossil record for extant angiosperms' phylogenetic diversification ( Fig.  1) (Friis et al. 2011) .
The earliest diverging extant lineages of angiosperms have been included in numerous molecular phylogenetic dating studies with most recent studies by Massoni et al. (2015a, b) . However, the greater number of calibration points toward the base of the tree included in the present analysis might give more accurate estimates of the crown age and divergence times leading to the eudicot/monocot split. Our age estimates for Nymphaeales are (297-)250(-207) MYA and (160-) 132(-114) MYA for the stem and crown age, respectively. These ages are thus more consistent with additional fossil data for the crown Nymphaeaceae than earlier molecular dating studies suggested (Monetianthus mirus, ;112 MYA; Carpestella lacunata, ;108 MYA; Doyle and Endress 2014; Friis et al. 2009 ), as younger ages for Nymphaeaceae are here, and previously, calculated than the aforementioned fossil confirms (Yoo et al. 2005) . However, the latter study has been a subject of some discussion (Nixon 2008; Doyle and Endress 2014) .
Austrobaileyales stem and crown group ages are estimated at (267-)228 (-192) and (166-)131(-106) MYA, respectively, being consistent with estimates from Bell et al. (2010) for the crown group age and with Magallón and Castillo (2009) 138-)122(-108 ) MYA or the 135-126 MYA proposed by Moore et al. (2007) .
Molecular Rates and Dates-Molecular rates are the result of substitutions and time constraints and any given branch is predominantly affected by the nearest fossil constraints, potentially resulting in heterogeneous rate distributions across a phylogenetic tree, and potentially hampering or influencing age estimations of other nodes in the tree. We evaluated rate heterogeneity through the coefficient of variation which varied by 24% (95% highest posterior density (HPD) 5 71-95%). These values are comparable to previous studies (Smith et al. 2010 ) and indicate the need for a relaxed clock approach rather than a strict clock. In addition, Fig. 3 shows that rate changes between all nodes fluctuate only within the range of one magnitude, but rate heterogeneity could still represent a potential pitfall as molecular clock models may fail to assess the correct rate of a branch (Rutschmann 2006; Beaulieu et al. 2015) . However, it is unclear to what extent an extreme or anomalous rate influences age estimates of more distantly related clades. Furthermore, it is questionable if this effect outbalances fossil calibration point density or distribution (Hug and Roger 2007) as well as the general selection of prior probability curves of fossil calibration points (Heads 2012) .
Within our data set the highest substitution rates occur in Poaceae, Calycanthaceae, Annonaceae, and especially Piperales within Piperaceae and Saururaceae (Fig. 3) . The covariance parameter in our data was positive (0.139), implying that lineages with fast rates are generally more likely to lead to other lineages with fast rates and vice versa. Although a most comprehensive set of fossils is used to estimate ages, and a single fossil should have little impact on the overall age estimations, single fossil inclusion versus exclusion still results in rate alternation of proximal nodes and thus in discrepant age estimates between independent analyses (Figs. 1, 2) .
Here the high rate in Piperales and the Lactoripollinites fossil is chosen to circumscribe the impact of heterogeneous rate distributions. In our dataset, a fossil placed at a branch with high rates plays a more important role as a maximum constraint than as a minimum constraint, as high molecular rates would otherwise tend to be evened out through older ages. Given a high rate, such as in Piperales, Lactoripollinites heavily constrained the age of all Piperales by providing a maximum age constraint. Without Lactoripollinites, age estimates are generally older for Piperales. However, the exclusion of Lactoripollinites (NoLac; Fig. 2; Table 3 ) affects age estimates in general, especially the backbone. The opposite effect is visible at branches with low rates, therefore minimum age constraints are more (Continued). Fig. 2 . Heatmap showing the molecular age extremes of individual analyses. Mean divergence time estimates (∅) including minimum (min) and maximum (max) 95% confidence interval of main clades for 16 independent molecular dating analyses all applying the uncorrelated log-normal clock, a GTR 1 G site model, and a birth-death speciation process for incomplete sampling as incorporated in BEAST. Node numbers (Node #) correspond to the respective numbers of the phylogram of flowering plants (lower right). Colors are used to highlight classified divergences compared to the reference analysis (Ref ) . Light blue color indicates 1-2.5% lower values, blue indicates 2.5-5% lower values, and dark blue indicates at least 5% lower values; red colors indicate 1-2.5%, 2.5-5% and greater than 5% higher values, respectively. NA 5 node not available. Individual settings: Ref: based on full taxon sampling, applying all fossil constraints with the exception of Chloranthistemon (Crane et al. 1989) , log-normal prior distribution with individual means (see Table 1 Table 2 . SALOMO ET AL.: AGE OF ANGIOSPERMS 7 2017] important at those clades. An example of this is the Walkeripollis fossil which increased the age of the crown Canellales and had a slight influence on nearby nodes, but no significant effect on other age estimates.
Another critical point with respect to heterogeneous rates is the balance of the taxonomic sampling. Our age estimates for two additional reduced datasets, including nine and 13 taxa for Piperales only (Pip9, Pip13; Fig. 2; Table 3 ), are generally consistent with the full sampling datasets. Nonetheless, the reduction of the heterogeneity, e.g. through removing a portion of a clade that has an accelerated rate such as Piperaceae, resulted in younger age estimates for backbone nodes and taxa within Piperales. For example, Piperales were estimated as (153-)131(-109) MYA and (151-)127(-105) MYA when 13 and nine Piperales taxa were sampled, respectively, compared to the (174-)148(-124) MYA within the full sampling. The greatest effect occurs within Piperaceae with estimates of (121-)99(-77) MYA and (113-)86(-64) MYA for 13 and nine Piperales taxa for stem Piperaceae compared to (146-)122 (-99) MYA in the full reference dataset (for more nodes see Figs. 1,  2) . Therefore, the age estimates for Piperales and part of the flowering plant backbone scaled with the sampling density of Piperales taxa in our dataset. This undesirable circumstance is especially critical if no suitable minimum and maximum age constraints are available near the lineage in question as posterior inaccuracy in Bayesian dating is increased. The sampling density of taxa with accelerated rates of divergence within a dataset is therefore a critical concern within BRC molecular dating. This inaccuracy is a limitation of current methods that we tried to assess and balance using different taxon sets and priors. The most accurate ages are thus likely between our extremes. Beaulieu et al. (2015) found that ages for the origin of angiosperms that were substantially older than indicated by the fossil record were largely the result of rate heterogeneity among early lineages and calibration sampling. In conclusion, sampling strategies for dating studies should not only include taxa with respect to taxonomy and calibration points, but also with respect to rate heterogeneity within a particular clade, testing for the true range of possible ages, and unraveling potential bias of abnormal rates. Because our age estimates are not totally discrepant when multiple sets are used, we can conclude that the age estimates are robust and not unreasonably affected by taxon sampling or fossil choice.
Evolutionary Implications in Relation to Early Angiosperm Ecology-These findings underscore some vexing questions: why was the radiation of the earliest angiosperms delayed for nearly 100 MYA after the split from the most recent common ancestor (mrca), and why has the angiosperm lineage not been detected in the known Pre-Cretaceous fossil record? If angiosperm origin occurred in the Jurassic or even earlier, as our data and others suggest, such a temporal pattern raises the possibility that the ecological context in which the earliest angiosperms diversified is poorly sampled by the known geological record. Such a conclusion recalls the conclusions of Axelrod (1952 Axelrod ( , 1970 in his upland hypothesis, which proposed that the angiosperm line exhibited a long preCretaceous history out of fossil capturing lowland basins. It is difficult to reconcile our findings with the hypothesis that angiosperms originated with an ensemble of highly weedy reproductive and vegetative features that are responsible for their modern dominance in high productivity habitats (Taylor and Hickey 1996; Wing and Boucher 1998; Royer et al. 2010) . Such is the case because we would then expect the angiosperm line to be readily detectable in fossil forming sediments through the Mesozoic.
Currently, no fossil data are available that can draw a detailed picture of how the earliest angiosperms functioned in the context of their ancestral environment. Hence, any consideration on the biology of the pre-Cretaceous angiosperms is hypothetical. Nonetheless, others have opined that the persistent time gap between molecular and fossil data may be telling us a fundamental aspect about early angiosperm ecology (Smith et al. 2010) . Indeed, functional analyses illuminating the capacities for Early Cretaceous angiosperm fossil leaves to transport water and photosynthesize, comparative ecophysiological studies across extant earliest diverging lineages of angiosperms, as well as the integration of these results with paleoclimatic data on Late Paleozoic to Mesozoic global climate change frame a testable hypothesis to explain the prolonged, ecological marginality of the pre-Cretaceous angiosperm line.
The oldest known angiosperm fossil leaves possess low densities of vein branching, a trait marking low transpirational capacity and therefore the possession of far lower photosynthetic capacity and productivity relative to modern, derived angiosperms (Brodribb and Feild 2010; Feild et al. 2011 ). However, vein densities of early angiosperms fall within the low and limited range for all other known Paleozoic to Mesozoic non-angiosperms (Boyce et al. 2009; Feild et al. 2011 ). Hence, low productivity capacity by itself cannot act as the primary ecological limitation that restricted diversification of the putative pre-Cretaceous angiosperm radiation. Instead, we suggest that the critical ecological constraint is that acute drought-intolerance (i.e. ancestral xerophobia of angiosperms [Feild et al. 2009a] ) greatly accentuated the ecological constraints of low productivity capacity of early angiosperms. A hypothesis of ancestral angiosperm xerophobia flows from demonstration that core functions, including growth and reproduction, of extant earliest diverging lineages of angiosperm lineages depend upon copious and reliable supplies of water. Outstanding features of angiosperms used to reconstruct xerophobia include a deep phylogenetic persistence of droughtvulnerable xylem vessels with long scalariform perforation plates throughout the extant phylogenetic tree, reliance on root pressure for growth, and flowers that require stable hydration to bear fruits (Sperry et al. 2007; Carlquist 2009; Feild et al. 2009a, b; Feild and Wilson 2012) . Extant angiosperm phylogeny also suggests that drought niche evolution began in sites of extremely low evaporative demand and high water availability, such as in the forest understory or in aquatic zones with unlimited water. Angiosperms then transitioned into canopy exposed and open disturbed zones in wet forests. True shifts into habitats where high evaporative demand and soil aridity were combined occurred much later, perhaps by the Late Cretaceous and Early Paleocene depending on the clade (Sauquet et al. 2008; Feild et al. 2009a; Bond and Scott 2010) .
Critically, the geological timeframe bounded by the close of the Permian to the Early Cretaceous, which encapsulates our reconstructed long phylogenetic fuse of early angiosperm evolution, marks a global pattern of aridity across equatorial to mid-latitude wet zones which consisted of a large geographic area (Ziegler et al. 2003; Chaboureau et al. 2014) . The best evidence for stable, wet, non-freezing regions comes from coals that are geographically restricted to high latitude and near boreal zones (Ziegler et al. 2003; Boyce and Lee 2010) . It is possible that moist mountain tops under the influence of oceanic orographic clouds also supported localized wet forest pockets at mid to low paleolatitudes (Feild et al. 2009a ). Therefore, a hypothesis that the early angiosperm may have been a rare, geographically localized line that was highly dependent upon water for millions of years can explain why the angiosperm line has so far escaped fossil detection. With the widespread aridity, at levels that would be lethal to all extant earliest diverging lineages of angiosperm clades, during much of the Mesozoic, the angiosperm line may have scraped by in localized wet patches. However, later spread of global moisture in the mid-to Late Cretaceous, perhaps bolstered, in part, by angiosperms themselves through the evolution of densely-veined leaves that fuelled increased transpiration fed raincycles, opened up hydraulically permissive environments on a larger geographical scale where angiosperms could diversify and dominate (Boyce et al. 2009; Boyce and Lee 2010) . Later emerging global aridity (mid to Late Cenozoic) catalyzed diverse angiosperm and non-angiosperm radiations in dry environments, clearly indicating that angiosperms had fully broken out of drought constraints by at least these times (Feild et al. 2009a; Boyce and Lee 2010; Pittermann et al. 2012) . Future testing of this hypothesis will have to look to the fossil record, but there are now tools at hand to read the hydrological preferences of early angiosperms based on fossilized leaves and pollen (Feild et al. 2009a) .
